Introduction
Irregular and non-smooth surfaces at the leading edge of wind turbine blades can cause a loss of energy production. For many years there has been a focus on leading edge roughness (LER) from not only the wind turbine industry, but also from e.g. the aviation industry. This is because it is known that LER can cause reduced aerodynamic performance, e.g. [1, 2, 3] . Recently there has been an increasing focus on this issue because the volume of wind turbines is growing and because erosion of blade leading edges has been more and more pronounced, e.g. [4, 5] . Thus, Sareen et al. [4] concludes that the loss in annual energy production could be as high as 25% if severe roughness appears at the leading of a blade. This is the reason that leading edge roughness is an important issue.
Since the start of the 1980s there has been a continuous upscaling of wind turbines. A result of the upscaling is that the chord length is increasing proportionally with the general upscaling, which again results in an increase of the Reynolds number because the tip speed is almost constant. An increase in Reynolds number will lead to thinner boundary layers relative to the airfoil chord. The question is therefore: What is the critical height of LER below which aerodynamic performance is not affected? This paper will through analytical and numerical considerations and analysis of wind tunnel tests investigate the sensitivity to different LER heights at different Reynolds numbers and study the critical size below which the aerodynamic performance in terms of lift-drag ratio and maximum lift remain unaffected to avoid losses in the aerodynamic performance and thereby in the annual energy production. Since airfoils and blades obtain their maximum performance if the first part of the boundary layer is laminar (with a transition to turbulence further downstream) we assume in this investigation laminar boundary layers starting from the leading edge. This implies hydraulically smooth surfaces and low turbulence intensity below 0.1%.
Methods
This section describes the different methods used to analyze the effect of LER on the aerodynamic performance for different sizes of wind turbines.
Analytical investigation using Thwaites method
Assuming attached flow around an airfoil and assuming that the boundary layer (BL) is laminar, Thwaites method (see textbooks such as for instance White [6] ) can be used to calculate the momentum thickness (MT) of the boundary layer along the airfoil surface:
Hereθ is the MT, ν is the dynamic viscosity, ∞ U is the far field inflow velocity, x and x is the coordinate parallel to the flow direction normalized with the airfoil chord length (so specifying the nondimensional location along the airfoil surface) and c is the chord length. Furthermore, the ratio of the velocity just outside the BL to the far field velocity is denoted
Since the scope of the present investigation is an orders of magnitude analysis to investigate under which conditions leading edge roughness influences the airfoil performance, we therefore consider cases at constant angle of attack where ) (x f has the same shape along the airfoil surface. Under this condition it is seen that the last fraction in Eq. (1) is simply a function of the relative position along the airfoil, .
x Thus, we can write
For these cases Eq. (1) can therefore be written in the more convenient form
If it is assumed that the first-order impact of surface roughness on the boundary layer is determined by the ratio between the size of the roughness, ∆, and the momentum thickness, θ, the sensible roughness-size parameter will be θ ∆ = RRH , where RRH is the relative roughness height. Insertion of the result from Eq. (2) yields:
is the Reynolds number for the airfoil flow and ) ( 45 . 0
x F is a fixed function for a given airfoil and angle of attack. Therefore the important result from this analysis is that if we wish to maintain the RRH as a constant 1 then Thus, a given size of roughness (a bug or a salt crystal) at a given ratio along the blade will affect small wind turbine rotors more than big wind turbine rotors, but a direct upscaling of roughness with the chord length, c, will affect big wind turbine rotors more than small wind turbine rotors.
The panel code XFOIL
The XFOIL code [7] is used to predict the BL and MT of the three airfoils. For a given AOA and Re, the code provides cp-distributions, cl, and cd and in addition, numerous boundary layer parameters. In combination with the analysis of the wind tunnel tests, the MT for certain AOA is calculated to be able to compare with the leading edge roughness tapes mounted on the airfoil. In the calculations 120 panels are used and n=7 in the e n transition model corresponding to the turbulence intensity in the wind tunnel tests. Since the drag is determined from the wake momentum thickness far downstream and drag predicted by XFOIL in general is in good agreement with wind tunnel measurements the prediction of MT is believed to be well predicted.
Wind tunnel tests
Three airfoils were tested in the LM Wind Power LSWT wind tunnel in Lunderskov, Denmark: NACA0015 [8] , Risø-B1-18 [9] and Risø-C2-18 [10] . The Reynolds numbers were at Re = 1.6*10 6 , 3.0*10 6 and 6.0*10 6 . Steady state polar measurements were conducted with several different configurations of the airfoils, e.g. clean surface with no LER on the airfoil and LER simulated by two different types of tapes: 1) the bump tape (bump2) with a height of 0.1mm and 2) the zigzag tape (ZZ2) with a height of 0.4mm. Both tapes are mounted at x/c = 2% on the suction side. The airfoils had a chord of 0.900 m. The bump tape has the normalized height h/c=110*10 -6 and the zigzag tape has the normalized height h/c=440*10 -6 .
Results
To understand the BL's of the airfoils, computations using XFOIL were carried out to predict the MT. In Figure 1 the MT at x/c=2% normalized with the chord length are shown for the three airfoils and for three Re's. It is seen that the MT that is normalised with the chord is almost the same for all three airfoils for each cl and Re. The MT decrease as Re and AOA (and thereby cl) increase. For constant Re there is a reduction in MT of between 20% and 30% from the lowest lift value to maximum lift. For constant AOA there is a reduction in MT of close to 30% when doubling Re. By analyzing wind tunnel tests it was investigated which tape heights that are critical to the aerodynamic performance. In the following results from three different analysis are shown. Firstly, the model described by Eq. (4) is investigated and validated. Secondly, the increase in drag due to the tape is Risoe-C2-18: 2%, Re=1.6mio
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Risoe-C2-18: 2%, Re=6mio investigated to find the critical roughness height. A possible drag increase results in a power decrease for wind speeds below rated power, i.e. in the part of the power curve where maximum power is desired. Thirdly, the reduction of maximum lift due to the tape is also investigated to find the critical roughness height. A possible decrease in maximum lift results in a power decrease for wind speeds just below rated power, i.e. the shoulder of the power curve where a significant amount of power can be lost.
Validating the analytical model
Computing the MT using XFOIL at AOA=8° or cl=1.45 makes an evaluation of the critical height of the tapes possible. At this AOA the position of the transition point on the suction side is according to XFOIL x/c=13.6% at Re=1.6*10 6 , x/c=6.5% at Re=3*10 6 and x/c=4.4% at Re=6*10 6 . Figure 2 shows the MT close to the leading edge for three different Re's, where MT is normalised with the chord. Also, the tape heights are shown. The black line shows the height of the bump tape and the grey line shows the height of the zigzag tape. It is seen that the scaling of the laminar BL at Re=1.6*10 6 to Re=3.0*10 6 and to 6.0*10 6 based on Thwaites method (Eq. 3) fits well for the part of the BL that is laminar, i.e. for the first 4.4% to 6.5% depending on Re. With this validation it is confirmed that the laminar part of the BL can be scaled with (1/Re) 0.5 if the chord is kept constant. If Re is increased by increasing the chord, the BL is scaled by Re 0.5 . It means that the BL can be scaled with c 0.5 when assuming that the tip speed is constant for different sizes of wind turbines. 
Increase in drag
In Figure 3 the lift coefficient as a function of the drag coefficient as measured in the wind tunnel is shown for three airfoils and at three Re. From the plots in Figure 3 it is seen that the blue curves show the clean cases and the red curves show those where the bump tape is attached. It is also seen that the drag coefficient for the cases with bump tape at a certain lift coefficient increases more than the clean cases. The lift coefficient and the corresponding AOA where the drag coefficient starts to increase is noted as approximate values. This is shown below in Table 1 together with the corresponding MT predicted with XFOIL at the corresponding Re and AOA at the location of the tape. Also, the height of the bump tape (called Tape Height or in short TH) is shown relative to MT, TH/MT. Based on the values shown in Table 1 , TH/MT is shown as a function of Re in Figure 4 . From the relation between TH/MT and Re we can see that it seems that we can allow a higher TH at high Re than at low Re compared to MT, and it seems that it roughly is proportional to Re 0.3 (or c 0.3 if the tip speed is constant). With TH/MT~c 0.3 and with MT~c 0.5 as shown earlier in this paper the results indicate that TH~c 0.8 . Since TH is proportional to the roughness height ∆ we can also write ∆~c 0.8 .
Since the critical roughness height is observed at lower AOA for increasing Re, the observations are made for different pressure gradients. At high AOA corresponding to low Re the pressure gradients are adverse because a suction peak is upstream of x/c=2%. In this case the BL will be weaker downstream of the roughness. At lower AOA corresponding to high Re the pressure gradients are favourable and in this case the BL will be stabilised downstream of the roughness. Since the influence of the roughness is seen at high AOA at low Re and low AOA at high Re the conditions are not completely similar at the different Re's. Therefore, the relation ∆~c 0.8 is uncertain and the exponent is likely to be below 0.8. With a direct scaling of the DTU-10MW-RWT wind turbine [11] and assuming that tip speed, pitch etc. are constant, the bump height (i.e. the height of a roughness element) at x/c=2% at rotor radius r/R=80.7% can within orders of magnitude be predicted for different rotor sizes. If we assume that a 0.1mm bump tape is the critical height for not influencing the aerodynamic performance at Re=1.6*10 6 for an airfoil with chord 0.900 m, then the corresponding bump height is 0.04 mm if the rotor diameter is 23 m because the chord for this size of rotor is 0.376m at r/R=80.7% and the local speed is 64.4m/s. Assuming that the roughness height relates to the chord as shown by the analytical investigation (∆~c 0.5 ), the critical bump height is e.g. 0.08 mm for an 80 m rotor corresponding to a 2MW wind turbine. If the roughness height relates to the chord as indicated by the measurements (∆~c 0.8 ), the critical bump height is e.g. 0.11 mm for an 80 m rotor. Because this investigation is based on rather few measurements there is some uncertainty related to the trends. However, the aerodynamic performance will be influenced by a minimum leading edge roughness height that is following the c 0.5 trend (red curve in Figure 5 ), and a maximum leading edge roughness height will follow the c 0.8 trend (blue curve in Figure 5 ). Thus, the leading edge roughness height will be found in between the c 0.5 trend curve and the c 0.8 trend curve. It should be noted that for rotor diameters above 100m, the chord length are so big that Re is greater than 6*10 6 . Therefore, since this study are investigating airfoils measured at Re's between 1.6*10 6 and 6*10 6 the observed relations are extrapolated from the wind tunnel tests if the rotor sizes exceed 100 m diameter. 
Decrease in maximum lift
In Figure 6 lift curves measured in the wind tunnel are seen for the three airfoils NACA0015, Risø-B1-18 and Risø-C2-18 at Re=3*10 6 . For each plot three different configurations are seen: 1) Clean surface, 2) Bump tape at x/c=2% on suction side (h/c=110*10 -6 ) and 3) Zigzag tape at x/c=2% on suction side (h/c=440*10 -6 ). Analyzing the performance with bump tape (Bump2), there is no (or possibly a very small) influence on maximum lift. However, the zigzag tape (ZZ2) has a significant influence on the maximum lift, where reductions in the lift coefficient between 0.09 and 0.19 are seen. Therefore, from these measurements it can be seen that the maximum lift is influenced at Re = 3*10 6 if the bump height is more than h/c=110*10 -6 and less than h/c=440*10 -6 . This is reflected in the plot in Figure 7 which is similar to the plot in Figure 5 . The plot is based on a direct scaling of the DTU-10MW-RWT wind turbine where tip speed, pitch etc. are constant, the bump height (i.e. the lower limit of roughness reducing maximum lift) at x/c=2% and the zigzag tape height (i.e. the upper limit of roughness reducing maximum lift) at x/c=2% at r/R=80.7% can within orders of magnitude be predicted for different rotor sizes. Assuming that a 0.1mm bump tape is the lower limit for not influencing the maximum lift at Re=3.0*10 6 for an airfoil with chord 0.900 m, and assuming that a reduction of maximum lift is significant for Re=3*10 6 when using zigzag tape, the corresponding bump height is 0.08 mm and the zigzag tape height is 0.31 mm if the rotor diameter is 42.8 m. Assuming that the roughness height relates to the chord as shown by the analytical investigation (∆~c 0.5 ), the lower limit is e.g. 0.11 mm and the upper limit is 0.42 mm for an 80 m rotor corresponding to a 2MW wind turbine. If the roughness height relates to the chord as indicated by the measurements (∆~c 0.8 ), the lower limit is e.g. 0.13 mm and the upper limit is 0.51 mm for an 80 m rotor. Because this investigation is based on rather few measurements there are some uncertainties related to the trends. However, what is indicated is that the maximum lift will not be influenced by leading edge roughness below the "c 0.5 -lower limit" trend (red curve), and maximum lift will be influenced by leading edge roughness above the "c 0.8 -upper limit" trend (green curve). This is indicated by the text boxes in the plot.
Conclusion and outlook
In this paper the critical leading edge roughness height was analyzed in two cases: 1) where the lift-drag ratio (or drag) is not changed and 2) where the maximum lift is not changed. The analysis is based on wind tunnel measurements on the airfoils NACA0015, Risø-B1-18 and Risø-C2-18 and at three different Reynolds numbers with two different leading edge roughness tape heights. Firstly, an analysis was carried out based on the boundary layer theory by Thwaites. With this method a relation between boundary layer height and Reynolds number was established. It was found that the momentum thickness increased with the Re 0.5 and thereby the chord 0.5 because the tip speed is rather constant for most wind turbines. This relation was also validated using a panel code. Secondly, the wind tunnel measurements combined with panel code predictions of the boundary layer momentum thickness created the basis for determining the impact of roughness on the aerodynamic performance. The critical heights were related to the Reynolds numbers, where the tape height relative to the momentum thickness at x/c=2% was found to be between 2.4 and 3.5. The investigation indicated that the relation chord 0.8 instead of chord 0.5 as suggested by Thwaites method might describe the critical roughness height better. However, due to differences in the pressure gradients in the wind tunnel tests this result is uncertain. This is because the Roughness scales with chord^0.8 -lower limit Roughness scales with chord^0.5 -lower limit Roughness scales with chord^0.8 -upper limit Roughness scales with chord^0.5 -upper limit
Significant impact on maximum lift
No impact on maximum lift ratio between tape thickness and momentum thickness was investigated at many different angles-ofattack, where the pressure gradient is favorable at low angles-of-attack and adverse at high angles-ofattack. An order of magnitude analysis was made by scaling a wind turbine and approximate roughness heights were estimated as shown in Table 2 . These numbers are approximated because they depend on the exact chord length and tip speed. It is seen that the bigger the rotor diameter (and thereby chord), the bigger the critical roughness height is possible. What is not reflected from the table is that the critical roughness height does not increase linearly but proportionally with the (rotor diameter) 0.5 or (rotor diameter) 0.8 . The results in this paper are based on three airfoils, at three Reynolds numbers with three different surface configurations resulting in 27 wind tunnel tests. However, to form a more solid basis for the conclusions more wind tunnel tests are needed. Thus, for future wind tunnel tests three airfoils could be tested at several Reynolds numbers, using several tape heights and chord wise tape positions.
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